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A b str a c t
Several preliminary QCD results from e+e-  interactions at LEP are 
reported. These include studies of event shape variables, which are used to 
determine a s and for studies of the validity of power corrections. Further, 
a study of color reconnection effects in 3-jet Z decays is reported.
1 a s from event shape variables
Variables which quantify  in some way the d istribu tion  of the  particles of an event 
in m om entum  space, known as shape variables, are sensitive to  the  am ount of 
hard  gluon emission in the  event. T he d istributions of such variables are there­
fore sensitive to  the  value of the strong coupling constant, a s . The distributions 
expected by QCD can be fit to  the  d a ta  d istribu tions in order to  m easure a s.
To be useful for th is purpose, the  variables should be infrared and  collinear 
safe and insensitive to  the electroweak physics which produces the event. Exam ­
ples of such variables are t  =  1 — T , where T  is the th ru st; the scaled heavy je t 
mass, M h ; the to ta l and wide je t broadening, B T and  B W ; the  C -param eter, C ; 
and  the je t resolution param eter, y23, which is the value of ycut in the  D urham  
algorithm  a t which the event classification changes from 2-jet to  3-jet.
All four L E P  collaborations have m easured these d istribu tions a t various 
center-of-m ass energies and used them  to  determ ine a s. The LEP QCD W orking 
G roup has perform ed a prelim inary sim ultaneous fit to  all of these distributions
[1], which is described here. Such a combined fit allows a consistent trea tm en t of 
the theoretical predictions and uncertainties, as well as of correlations between 
variables and energies.
Each experim ent m easures the shape variable d istributions and corrects 
them  for detector resolution and acceptance, background, initial s ta te  rad ia­
tion, etc. The theory  predictions are calculated and, since these predictions 
are a t parto n  level, corrected for hadronization  using a parton  shower M onte 
C arlo (MC) program  such as PYTHIA, HERWIG, ARIADNE. The corrected theory
* Presented  a t X X X III Intl. Sym posium  on M ultipartic le  Dynam ics, Cracow, Poland, 5—11 
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predictions are then  fit to  the  corrected experim ental distributions to  determ ine
«s.
To O (« 2 ) the  d istribu tion  of shape variable y is given by
where ßo =  3312^ Wf, w ith n-f the num ber of active flavors, and n  =  x ma/s is
the  renorm alization scale, x M providing a param eter to  use to  vary the scale. 
In tegration  of the ER T m atrix  elem ents gives the values of A and B. This 
describes the d a ta  well in the m ulti-jet region, bu t not in the 2-jet region, which 
corresponds to  small values of y, where emission of softer gluons is im portan t. 
They can be included by summing, to  all orders of a s, the  leading and next- 
to-leading order logarithm ic term s in the expansion of R(y; a s) =  J0  f pert dy  in 
term s of L =  ln (1 /y ). The two calculations can be combined if one is careful 
to  avoid double counting. This is advantageous since it allows use of a fit 
range extending into the 2-jet region. However, it is not w ithout theoretical 
uncertainty. There are two “m atching schemes” to  do this, the Log-R and the 
Modified Log-R schemes. The la tte r forces R  to  vanish above the kinem atical 
m axim um  value of y  by replacing L  by
where the param eters p  and x L allow variation of the  incorporation  of the kine- 
m atical limit.
The d a ta  samples available cover three center-of-mass energy ranges: 20- 
85GeV from radiative Z decays where the rad ia ted  photon is removed from 
the event; M Z; and 133-206GeV. At present only L3 m easurem ents are used 
from the lowest energy range, although OPAL has recently released prelim inary 
m easurem ents [2]. The values of a s from this new OPAL analysis agree well 
w ith the current world average and are therefore not expected to  have a large 
effect on the com bination.
At present 6 shape variables a t 14 energies are used giving 194 m easurem ents 
in to ta l, not all variables being available for all energies/experim ents. To per­
form the fit, the covariance m atrix  (194 x 194) of these m easurem ents is needed. 
It is composed of four contributions: V j =  Vijtat +  V jxp +  V jad +  Vijh. The 
first term , the sta tistical uncertainty, is the easiest to  evaluate. I t is certainly 
uncorrelated  between experim ents and between energies. The second term  is 
the  system atic uncertain ty  in the experim ental m easurem ent. I t is uncorrelated 
between experim ents. C orrelations w ithin an experim ent are taken  as the  “m in­
imal overlap” , V jxp =  min(Vi®xp, Vjjxp). The th ird  term  is the system atic uncer­
ta in ty  in the  hadronization  correction of the  pertu rbative  calculations. While 
one m ight expect th is to  be correlated between experim ents, since they  all use 
the same program s, it seems th a t these correlations are small. This is presum ed 
to  be due to  the fact th a t each experim ent uses a different tuning of MC param ­
eters. These uncertainties are estim ated  from a com parison of the  corrections
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found using PYTHIA, HERWIG, ARIADNE. Large fluctuations are seen in the val­
ues from energy to  energy, presum ably arising from sta tistical lim itations in the 
M onte Carlo samples. Accordingly, they  were sm oothed assum ing a 1 /Q  de­
pendence, as suggested by power corrections, and all correlations were assum ed 
to  be zero. The fourth term  is the  uncerta in ty  in the  pertu rbative  prediction 
due to  neglect of higher orders. There are certain ly  very large correlations not 
only between experim ents, bu t also between energies and  shape variables. How­
ever, a ttem p ts  to  fit including such large correlations lead to  highly unstable 
results. Accordingly, all correlations were set to  zero. To evaluate the diagonal 
elements, the following procedure was followed. F irst, a nom inal value of a s 
was chosen, and the shape variable d istributions were calculated for the default 
values xM =  x L =  p  = 1  using the modified Log-R scheme, giving the nom inal 
d istribution. D istributions were then  calculated varying the param eters xM, x L 
and  p  as well as using the  Log-R scheme. The difference of these distributions 
w ith the nom inal one is shown for a typical case [3] in Fig. 1. Then the value 
of a s is varied using xM =  x L =  p  =  1 to  determ ine values of a s which produce 
changes in the  d istribu tion  as large as the largest differences found w ithin the 
fit range. The difference between th is value of a s and the nom inal value is taken 
as the  uncerta in ty  on a s.
Using the above-described covariance m atrix  a least squares fit is performed. 
Because of the assum ptions m ade on lack of correlations in the hadronization  
and  theory  uncertainties, the uncertainties found by the fit can not be expected 
to  be correct. To determ ine the  final hadronizaton uncertainty, the com bination 
is perform ed 3 times, once for each of the MC program s. The result for a s is 
found using PYTHIA, the uncertain ty  from the rm s of the results. The theory  
uncerta in ty  is found by repeating the fit twice, using for all points a si ±  a /V th . 
T he theory  uncertain ty  is taken  as half the difference. The result is
a s(M Z) =  0.1201 ±  0.0003 (sta t) ±  0.0009 (exp) ±  0.0009 (had) ±  0.0047 (th)
N ote th a t the theory  uncerta in ty  dom inates. The results from different energies 
and  shape variables are consistent, as shown in Fig. 2.
2 Power corrections
T he power correction ansatz param etrizes the unknow n behavior of a s below an 
infrared m atching scale, /xi, by an average, ao = -^  / 0MI a s (k) dA;. This leads to  
a power term , P  oc 1/ a / s  which shifts d istribu tions of shape variables: f ( y )  =  
f pert(y — cyP ) and increases the ir moments: (y) =  (y)pert +  cyP  and (y2) =  
(y2)pert +  2(y)pert cyP . The factor cy is a known factor, different for each shape 
variable, bu t P  is supposed to  be universal.
D ELPH I [4, 5] has analyzed bo th  the distributions of a num ber of shape 
variables and their first m om ents. L3 [6] has analyzed bo th  first and second 
m om ents. The first m om ents of different shape variables result in consistent 
values of a s, bu t differences of around 20% are observed in the values of a 0.
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Figure 1: V ariations to  determ ine the theoretical uncerta in ty  on a s.
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Figure 2: Results for a s a t different energies and using different shape variables.
5
T he situation  is much worse in the  analysis of the  d istributions, as shown in 
Fig. 3, and of the second moments.
W hile one would have hoped th a t power corrections could have been used in­
stead of M onte Carlo models for the hadronization  corrections of shape variables, 
the results indicate th a t power corrections provide only a sem i-quantitative de­
scription.
«  s(M z )
Figure 3: Results of analysis of shape-variable distributions using a power cor­
rection ansatz.
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3 Color reconnection  in 3-jet Z decays
So-called rap id ity  gap events have been observed in ep and pp events and  are 
a ttrib u ted  to  color-singlet exchange. OPAL has investigated [7] w hether such 
effects exist in e+e-  events by studying directly  the d istribu tion  of particles 
w ithin the gluon je t of 3-jet Z decays. L3 has taken a different approach [8].
The occurence of a color-singlet exchange w ithin the gluon je t breaks the 
je t into two pieces, one which itself is a color singlet, and another which forms 
a color singlet together w ith the quark  and antiquark. This has an effect on 
the color flow between jets. To quantify  this, asym m etries are constructed  
com paring the flow between q and g w ith th a t between q and q, eg, A B2 =  
(—B i2 +  B 23 +  B s i ) / ( B i2 +  B 23 +  B 3 1), where is the  sm allest angle between 
two adjacent particles in the region between je ts  i and  j , excluding particles 
w ithin cones of 15° about the  je t axes. A “M ercedes” topology is required w ith 
je t 3 identified as the  gluon je t by a b-tag  for je ts  1 and 2 and an an ti-b-tag  for 
je t 3, resulting in a sam ple of 2668 events w ith a gluon je t pu rity  of about 78% 
The asym m etry d istribu tion  is shown in Fig. 4 and com pared to  the  expec­
ta tions of various M onte Carlo models, b o th  w ithout and w ith a “color recon­
nection” (CR) algorithm . B oth  JE T SE T  and ARIADNE w ithout CR agree well 
w ith the data . However, when the GAL model of R athsm an [9] is included in 
JE T SE T  or when the CR model in ARIADNE is used, the models disagree w ith 
the data . The agreem ent between HERWIG and the d a ta  is very poor b o th  w ith 
and w ithout its CR model. The failure of the  CR models here suggests th a t 
they  are also inapplicable to  the  case of CR in e+ e-  ^  W + W -  ^  qqqq.
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Figure 4: A color-flow asym m etry variable for 3-jet events com pared to  MC 
predictions w ith and w ithout color reconnection models.
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